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ABSTRACT
Xylem element radius can be a key factor in determining plant
hydraulic conductance and vulnerability to cavitation. Most stu-
dies of xylem element radius have been on woody species with
a focus on plant survival under severe water-deficit stress.
However, xylem element radius, particularly the largest radius
elements, can potentially have an influence on hydraulic flow at
more moderate water-deficits. Few studies have offered
a detailed distribution of xylem element radii, and even fewer
on the distribution in crop species. In this study, the xylem ele-
ment radii of two genotypes of soybean (Glycine max L. Merr.)
were compared because these two genotypes had been docu-
mented to react differently to drying soil. The stems of young
plants were harvested from three positions, and in stem cross-
sections, the number of xylem elements and the radius of each
element were determined. While the number of xylem elements
did not differ significantly between the two genotypes, the dis-
tribution of the radii was skewed to smaller radii in drought-
tolerant PI 4719386 as compared to Hutcheson. This contrast
extended to a difference between the genotypes in the radii of
the largest elements, which are considered most vulnerable to
cavitation.
ARTICLE HISTORY
Received 10 December 2019




stem xylem; xylem anatomy
Hydraulic properties of plants are recognized as important in determining water
flow through plants and in influencing plant response to soil water deficits. In
particular, the hydraulic conductance for water flow through the xylem, and the
possible influence on occurrence of cavitation is of concern. Most studies on
xylem anatomy and hydraulic conductance have been with woody species to
better understand the traits that enhance plant survival under severe water
deficits. Only a few of these studies indicated a distribution in xylem element
diameters in the trunks (Lintunen andKalliokoski 2010; Tombesi, Johnson, Day,
and DeJong 2010; Torres-Ruiz et al. 2013).
In relating xylem element diameter to water flow and hydraulic conductance,
it is necessary to examine the detailed distribution of the diameters because
conductance is not linearly related to diameter. The capillary flow volume, as
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defined by the Hagen-Poiseulle equation, is dependent on the cell radius to the
fourth power. Due to the fourth power dependence on radius, water flow
through the xylem is heavily skewed to be through the largest xylem elements.
That is, in a collection of xylem elements in a stem, most of the flow volume will
be through a few of the largest diameter elements.
While large diameter xylem elements favor high hydraulic conductance
and water flow, these larger-diameter elements are the most vulnerable to
cavitation (Tyree and Sperry 1989). In the simple model of capillary flow, the
hydrostatic pressure differential for cavitation is inversely related to capillary
radius. The hypothesis is that the smaller xylem elements are able to with-
stand greater hydrostatic pressure differentials than larger-diameter xylem
elements before cavitation is induced. Based on experimental observations,
Lo Gullo et al. (1995) found a relationship between xylem radius and loss of
xylem conductance in twigs of Quercus cerris L. when subjected to pressure
differentials. In their experiments, loss of conductance occurred with mean
xylem radius as low as 10 μm.
Although the relationship between xylem element diameter, cavitation,
and survival of woody species is of obvious importance, little attention
seems to have been given to the distribution of xylem element radii in
herbaceous crop species. In particular, are there differences in the distribu-
tion of xylem element radii between genotypes within a crop species? In this
study, the radii distribution of stem xylem elements was compared between
two soybean (Glycine max Merr. L.) genotypes visually observed to express
difference in response to water deficit in the field. Genotype PI 471938 was
originally identified as visually expressing delayed wilting as compared with
other genotypes when subjected to drought (Hufstetler et al. 2007). Li,
Sinclair, and Bagherzadi (2016) tracked changes in hydraulic conductance
in PI 471938 with soil drying and found decreasing hydraulic conductance as
the soil dried. Sadok et al. (2012) showed that under high vapor-pressure
deficits that the hydraulic conductance of PI 471938 was lower than
a “standard” cultivar (A 5959) although its transpiration rate was not lower
as it also had a lower leaf-water potential. Under lower vapor-pressure
deficits, however, no difference in hydraulic conductance was observed
between PI 471938 and A 5959 (Bagherzadi et al. 2017).
A prediction from the above interpretation of hydraulic flow in PI 471938
is that it may have a population of small-diameter xylem elements in its stem
that may impose a hydraulic restriction at high flow rates. Smaller xylem
vessels in PI 471938 might also explain the delayed wilting observed in the
field in this genotype since the smaller radius xylem elements could have
delayed cavitation allowing sustained water flow in the plant. Given these
hypotheses, the objective of this study was to determine if the distribution of
xylem element radii in PI 471938 is different from that in a “standard”
soybean cultivar.
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Materials and methods
Plant material
Unfortunately, seeds were no longer available for the commercial cultivar
A5959 so the common variety “Hutcheson” was used for comparison. Riar
et al. (2018) showed that the breakpoint for the decrease in transpiration rate
with soil drying was lower in PI 471938 than many other genotypes, includ-
ing Hutcheson. However, a difference between PI 471938 and Hutcheson in
the breakpoint of their transpiration rate with soil drying had not been
previously reported by Hufstetler et al. (2007) and by Devi and Sinclair
(2013). The study by Hufstetler et al. (2007) was done using very sandy
soil (80% sand), which has been shown to give skewed values for the break-
point (Sinclair, Hammond, and Harrison 1998).
Soybean plants were grown in a greenhouse at Raleigh, NC, USA. The
greenhouse was maintained at 31°C day/26°C night air temperature. On
28 December 2015, individual 2 L-polyethylene pots were sown with five seeds
each of either genotype PI 471938 or Hutcheson (seeds available from Soybean
Breeding Project of T.E. Carter). The pots had been filled with a mixture of
steam-sterilized substrate consisting of 50% peat-moss growingmix (Redi Earth,
W.R. Grace Co., Columbia, MD, USA) and 50% cement sand. Five days after
emergence, plantlets were thinned to one per pot. The pots were irrigated
every day with distilled water and once a week with a complete nutrient solution.
Twenty-five days after seedling emergence, five plants of each genotype were
harvested for anatomical analysis of the stem xylem. At this time, the plants had
developed to the V4-V5 developmental stage. This development stage matched
the previously cited studies on water use and hydraulic conductance by these
soybean genotypes. Stem segments about 1.5-cm long were harvested at three
internodal positions from the main stem of each plant. Harvests from three
positions at the base of the stem afforded an opportunity to observe xylem
elements in fully mature tissue that may impact hydraulic flow in the plant. The
three positions were identified as (A) below the cotyledonal node, (B) between
the cotyledonal node and the unifoliate leaf node, and (C) between the uni-
foliate and the first trifoliolate node.
Microscopic observation
The cut stem sections were immediately placed in formalin-acetic acid-
ethanol (FAA) fixative at room temperature (Livingston et al. 2009). The
samples were then dehydrated in a sequence of increasing concentrations of
ethanol up to absolute ethanol (Livingston and Tuong 2014). Dehydrated
samples were then embedded with Paraplast Plus using a microwave-
processing technique (Livingston and Tuong 2014). The embedded tissues
were sectioned transversally at a thickness of 20 μm to obtain at least 50
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sequential stem cross sections. The sequential sections were stained with
safranin O and fast green FCF. Images of the sequential sections were
captured with a Canon Rebel T5i camera (Canon, Tokyo, Japan) attached
to a Nikon Elipse 50i microscope (Nikon, Tokyo, Japan) at 400X.
Images were imported into After Effects (Adobe Systems, San Jose, CA,
USA) as described in Livingston and Tuong (2014). The images indicated
that the vessel sizes were observed to be fairly conserved in the sequence of
cross-sections, so that only one cross section from the sequence of sections
needed to be analyzed for each position of each plant and genotype. The
lumen area (reported as μm2) in each image was measured with WinCell
software (Reagent Instruments Inc., Canada) that had been calibrated with
a 10-micron eyepiece reticle.
Xylem element radius
To obtain a radius for each xylem element, lumen area was converted to
radius by assuming each element was approximately circular (Figure 1). That
is, radius was calculated as equal to the square root of the lumen area divided
by π. The radii of individual xylem elements in a cross section were put in
rank order from smallest radius to largest radius. To allow comparison
among plants, the number of elements was normalized for the total number
of xylem elements in each stem cross-section so a fractional number was
assigned to each xylem element from 0 to 1.0.
The fractional xylem number was plotted versus the radius of each element.
That is, the fractional number for each element was plotted for its fractional
number 0 to 1.0 on the ordinate, versus the radius of that element on the
abscissa. Hence, the resultant graphs showed an ascending pattern reflecting
the increasing radius with increasing fractional number. Plants with more xylem
elements with smaller radii will have a steeper increase in the slope of the plot
than plants with larger xylem radii. To focus on the larger xylem elements
expected to account for most of the hydraulic flow and vulnerability to cavita-
tion, the radius at which the fractional element number was 0.95 was identified.
The 0.95 value was taken as a threshold of the radius above which exists the
largest 5% of the xylem elements for each stem segment. The xylem element
radius for each plant at the 0.95 threshold was used to calculate a mean threshold
for each genotype. The probability of difference between genotypes at each of the
three stem positions for number of xylem elements and the radius at the 0.95
threshold was calculated using the t-test (Prism, GraphPad, San Diego, CA).
Results
The average number of xylem elements per stem cross section for the three
stem positions ranged from 154 to 185 for PI 471938 and from 128 to 175 for
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Hutcheson (Table 1). The probability of difference between genotypes in
total element number ranged from 0.13 to 0.32 among the three sampled
positions of the stem.
A cursory examination of the stem cross-sections appeared to indicate the
existence of more large-xylem elements in Hutcheson than in PI 471938
(Figure 1). The distribution graphs for position B and C (Figures 2 and 3) of
xylem element radius supported this impression (position A is not shown
due to redundancy). The initial steeper rise in the graph for PI 471938 as
compared with Hutcheson indicated that a higher fraction of the xylem
elements had smaller radii in PI 471938 than in Hutcheson.
The existence of more, larger xylem-elements in Hutcheson as compared
with PI 471938 was examined based on the average radii at the 0.95 fractional
Figure 1. Stem cross-section of soybean Hutcheson (left panel) and PI 471,938 (right panel). The
solid bar in the figure represents 1 mm.
Table 1. Mean threshold radii where 0.95 of xylem elements have lower radii
and number of cells per stem cross section for PI 471938 and Hutcheson.
Standard error of the mean presented in parenthesis. Cross-sections of stem
were collected at three positions. Section A was below the cotyledonal node.
Section B was between the cotyledonal node and the unifoliate leaf node.
Section C was between the unifoliate node and the first trifoliolate node.
Mean value Section A Section B Section C
PI threshold radii (μm) 38.5 (2.23) 40.3 (2.63) 35.7 (2.71)
Hu threshold radii (μm) 43.9 (2.63) 49.1 (3.23) 41.0 (3.19)
Probability difference 0.07 0.03 0.12
PI number of cells 185 (21.2) 154 (14.4) 184 (14.9)
Hu number of cells 160 (12.6) 128 (16.3) 175 (10.6)
Probability difference 0.16 0.13 0.32
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Figure 2. Plot of xylem element fraction number versus xylem element radius for five individual
plants of PI 471,938 (top panel) and Hutcheson (bottom panel). The stem cross-sections were
collected between the unifoliate leaf node and first trifoliolate leaf node (position C). The solid
horizontal line represents the 0.95 fraction of cells with lower radii thereby showing the thresh-
old for the largest cells.
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Figure 3. Plot of xylem element fraction number versus xylem element radius for five individual
plants of PI 471,938 (top panel) and Hutcheson (bottom panel). The stem cross-sections were
collected between the cotyledon nodes and the unifoliate leaf node (position B). The solid
horizontal line represents the 0.95 fraction of cells with lower radii thereby showing the thresh-
old for the largest cells.
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cell number. That is, this statistic gave the radius threshold above which
occurred the largest 5% of the cells in each section. The average threshold
radius for the 0.95 fractional xylem element across all three stem positions in
PI 471938 was 36 to 40 μm, whereas the average for Hutcheson was 41 to 49
μm (Table 1). The probability of difference between the two genotypes was
0.07, 0.03, and 0.12 for postions A, B, and C, respectively.
Discussion
The objective of this study was to determine if the distribution of stem xylem
element radii of drought-tolerant PI 471938 differed from the distribution of
Hutcheson. While the number of xylem elements per stem cross section was
not found to be different between the two genotypes, the probabilities of
radius difference for the 0.95 threshold of fractional xylem element were
lower. In comparing xylem element radii at any faction xylem element
number (Figures 2 and 3), the xylem elements of PI 471928 had smaller
radius than did Hutcheson. Further, PI 471938 had smaller radii for the
largest xylem elements (Table 1), which would likely allow delayed cavitation
relative to that in Hutcheson.
Since PI 471938 did not have as large xylem-element radii as found in
Hutcheson, this meant that the xylem conductance of PI 471938 was likely less
than that of Hutcheson. The conductance difference can be amplified over the
difference in xylem radius because of the dependence of flow on the fourth
power of the radius. This impact of the smaller xylem element radii is consistent
with the hydraulic conductance measurements of Sadok et al. (2012) that under
high vapor-pressure deficit conditions plant conductance of PI 471938 expressed
lower hydraulic conductance than the standard genotype.
The smaller xylem element radii of PI 471938 may, however, impact
temporal dynamics of water use by PI 471938 as compared with other
standard genotypes of soybean when soil water becomes limiting. In this
case, the largest xylem elements of a soybean genotype such as Hutcheson
might become vulnerable to cavitation resulting in a decrease in hydraulic
conductance and eventually a hydraulic conductance less than that of PI
471938. The visual consequence of such a scenario might be delayed wilting
by PI 471938 as reported by Hufstetler et al. (2007).
An important, documented trait of PI 471938 is the greater tolerance of its
nitrogen fixation activity to soil drying. This genotype sustains nitrogen
fixation to a lower level of soil drying than most soybean genotypes (Devi
and Sinclair 2013). The basis for the nitrogen fixation tolerance has not been
explained. Perhaps the ability of PI 471938 to sustain xylem flow as the soil
dries on account of smaller radii xylem elements might be critical in sustain-
ing the transport in the plant supporting nitrogen fixation activity.
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